Kinetic model analysis of C3H8 plasma for olefin synthesis in microplasma reactors by Agiral, A. et al.
 
28th ICPIG, July 15-20, 2007, Prague, Czech RepubliF 
Kinetic model analysis of C3H8 plasma for olefin synthesis in microplasma 
reactors  
 
A. Agiral1, C. Trionfetti2, K. Seshan2, L. Lefferts , J.G.E. Gardeniers2 1 
 
1 Mesoscale Chemical Systems, MESA+ Institute for Nanotechnology, Enschede, Netherlands 
2 Catalytic Processes and Materials, University of Twente, Enschede, Netherlands 
 
A kinetic model of propane plasma conversion to valuable olefins (C3H6, C2H4 and C2H2) in a 
microplasma reactor has been developed at atmospheric pressure. Modelling of the results is 
presented based on a well stirred reactor model to determine the spatially and time averaged 
species composition through the solution of balance equations for species, mass, gas and electron 
energy. Simulation includes a Boltzmann equation solver for dc-field calculation of electron 
energy distribution function (EEDF) and a reactor model to determine electron energy using 
power balance on detailed electron-driven kinetics. Results show good agreement between model 
predictions and experimental measurements. Reaction rate and sensitivity analysis are used to 
explain the mechanism of selective synthesis of olefins through electron impact and radical 
reactions in propane plasma. 
 
1. Introduction 
The current demand for lower olefins as the 
building blocks for chemical industry stimulates 
research to find alternative routes for the production 
of ethene, propene and acetylene. Direct conversion 
of propane to valuable olefins in a non-thermal 
plasma at ambient temperature and atmospheric 
pressure could be an interesting alternative to steam 
cracking and catalytic dehydrogenation processes. 
Performing the plasma process in a microreactor 
leads to precise control of residence time and 
extreme quenching conditions, enabling control over 
the reactants to selectively produce desirable 
products [1].  
Low temperature activation of propane, which is 
difficult to obtain in conventional thermochemical 
processes, is achieved at ambient conditions in a 
non-equilibrium microplasma reactor. To arrive at 
energy efficient and highly selective propane 
conversion, an understanding of basic physical and 
chemical processes is required, in order to develop a 
theoretical model from which one can choose the 
dominant reaction paths for olefin synthesis over a 
range of reactor operating conditions.  
In this paper we present the process of olefin 
synthesis in an atmospheric pressure C3H8 micro 
dielectric barrier discharge (DBD), to clarify the role 
of energy deposition and comparison of model 
predictions with experimentally measured results. 
We neglect all spatial effects and surface kinetics in 
the plasma.  
 
2. Description of the model 
 
We simulate dielectric barrier discharge with 
pure propane as precursor gas. Simulation employs a 
well mixed plasma reactor model, as available in 
Chemkin 4.1 [2]. An electron energy balance 
equates the time rate of change of electron’s swarm 
internal energy to the net flow of electron enthalpy 
into and out of the reactor, accounting for net 
chemical production rates, surface losses, collisional 
losses and power deposition from the externally 
applied electromagnetic field.  
Non-homogeneity of the barrier discharge is 
solved by introducing a modified residence time. 
Parallel plate type micro-DBD reactors are treated as 
two parts: glow and after glow regions. Discharge 
only happens in the glow regions. Nominal 
residence time equates the time of the gas flow spent 
in these two regions. Fig. 1 shows microplasma 
reactors used in the experiments. Since DBD is a 
filamentary discharge, residence time is corrected by 
the time in the filament. Assumption is made on 
matching the quantitative agreement with the 
experimental data. Modelling is done on these 
experimental conditions: 1 atmosphere pressure, 
pure propane inlet with flow rate 10 sccm, volume 
of 0.075 cm3, residence time τ = 0.045 sec and 
modified residence time in glow region 0.016 τ, 
power input from supply varied from 6 watts to 25 
watts and gas temperature is assumed as 300 K. 
Power introduced to plasma is calculated from the 
corresponding V-Q Lissajous figure. Around 35% of 
of the power from the supply is transferred to the 
barrier discharge. The reduced electric field inside 
the microplasma channel is calculated by taking into 
account the capacitance of gas gap and dielectric 
wall. The relationship between the average electron 
energy and the reduced electric field was calculated 
by BOLSIG+ software [3]. BOLSIG+ solves a 0-D 
Boltzmann equation. An estimated electron 
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temperature is used to get a steady state solution in a 
well stirred plasma reactor model.  
 
 
 
Fig. 1 Microplasma reactors 
 
 The reaction mechanism includes neutral-neutral 
chemistry, electron induced dissociation and 
ionization, ion-neutral reactions and surface 
recombination of ions at the walls. Our reaction 
mechanism starts from pure propane. 
 With 38 neutral molecules in the model, more 
than 200 reactions were considered. Reactions of 
hydrocarbon radicals were thought to play an 
important role in the propane plasma. The most 
important radicals are H, CH, CH2, CH3 C2H3, C2H5, 
C3H5, C3H7 and C4H9. 
 To determine reaction rate coefficients of 
electron induced reactions, a 0-D solution of the 
Boltzmann equation is used by using software 
BOLSIG+. The code uses the two-term spherical 
harmonic expansion of EEDF. To obtain cross 
sections of partial dissociative excitation and 
ionization processes of e- + CxHy (x = 1-3; y=1-8) 
collision systems, we apply the same procedure as 
Janev and Reiter[4]. From the experimental 
knowledge of total dissociation cross section and of 
the total cross section for dissociative ionization, the 
total cross section of dissociative excitation is 
obtained. The partial cross section for a particular 
channel is obtained by using a branching ratio for 
the considered channel. The relationship between 
reaction rate coefficient and average electron energy 
is described by fitting the Boltzmann solution results 
to a three-parameters Arrhenius fit. Ionization, 
dissociative, vibrational and electronic excitation 
processes provided over 80 electron impact reactions 
of H2, CH4, C2H2, C2H4, C2H6, C3H8, C4H10, C6H14. 
 For thermochemical data of neutral species, we 
use the Chemkin Thermodynamic Database [2]. For 
ions, we generate the data using the temperature 
dependence of the corresponding neutral species and 
replaced the neutral heat of formation with the ion 
heat of formation. As surface reactions we only 
suggest recombination of positive ions and electrons 
on the wall. Bohm-flux limitation is applied to the 
reaction rate parameters for an ion-surface reaction.  
 
3. Modelling results 
 
 
Fig. 2 Electron energy distribution function (EEDF) in 
propane at 177 Townsend (Td), average electron energy 
is 2.54 eV. 
 
 Fig. 2 shows the EEDF in propane at 177 Td (the 
integral of EEDF times the square root of energy is 
normalized to 1). If we compare the Maxwell 
distribution for the same average energy of 2.54 eV 
(not shown), the distribution in C3H8 has less 
electron density in the high energy tail than the 
Maxwell distribution. The average energy of the 
Maxwell distribution would be around 1.36 eV if we 
would have fitted the Maxwell distribution to the 
high energy tail of the real distribution in C3H8. The 
same phenomenon was also observed in CH4 
plasmas [5].  
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Fig. 3 Calculated reaction rates of main dissociative 
excitation channels as a function of reduced electric field 
at atmospheric pressure. 
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 In Fig. 3, the calculated reaction rates of the main 
dissociative excitation channels are shown as a 
function of reduced electric field at atmospheric 
pressure. Measurements were performed in the range 
2.6 - 6.6 MV/m. In this range, reaction channels to 
produce C3H6, C2H4 and CH4 have higher reaction 
rates. These are the dominant reaction paths that 
affect the conversion rate the most. 
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 Fig. 4 Comparison of measured conversion rate of 
propane with the model prediction as a function of input 
specific energy. 
 
 Fig. 4 compares the conversion percentages of 
C3H8  with increasing energy input per molecule. 
The model predicts the same trend as found in the 
experiment. To determine the important processes 
for C3H8 conversion rates in the plasma, an analysis 
of production rates has been carried out. Table I 
shows the results of most important reactions of 
C3H8, negative coefficients indicate consumption, 
positive indicate production. 
 
# Normalized Rate of Production Coefficients 
for C3H8 Production and Consumption 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
E+C3H8=>C3H6+H2+E        -0.107   
E+C3H8=>C3H6+2H+E        -0.027   
E+C3H8=>C2H4+CH4+E                 -0.666   
CH3+C2H5=>C3H8         0.738   
C3H7-1+C2H5=>C2H4+C3H8         0.048   
C3H7-1+H=>C3H8         0.122   
C3H7-1+C3H7-2=>C3H8+C3H6         0.011   
2C3H7-1=>C3H8+C3H6         0.073   
C3H8+CH2=>n-C4H10        -0.092   
C3H8+CH2=>i-C4H10        -0.039   
C3H8+H=>H2+C3H7-1           0.047 
Table 1. Rate of production analysis for propane 
conversion.   
 Dominant reaction paths that affect the 
conversion rate the most are electron impact 
dissociation reactions. The most important reaction 
for C3H8 consumption is dissociation to ethylene and 
methane by electron impact: 
 
E+C3H8=>C2H4+CH4+E      (1) 
 
At low energy inputs, ethylene and methane 
selectivities are higher with respect to molecules 
with higher hydrocarbon content. C3H8 can be 
produced mostly by recombination of CH3 and 
C2H5: 
 
CH3+C2H5=>C3H8       (2) 
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Fig. 5 Comparison of measured selectivity of main 
products with the model prediction at 5.3 eV/molecules 
and 7.4 % conversion of propane. 
 
 Fig. 5 shows the agreement between the 
experiments on and the model predictions of 
selectivities for the main products of C3H6, C2H6, 
C2H4, CH4, C2H2 and C4H10. This reaction set in the 
model can describe the plasma chemical reaction 
kinetics. 
 The major paths for C3H6 production are the 
following electron impact processes: 
 
E+C3H8=>C3H6+H2+E                 (3)                      
 
E+C3H8=>C3H6+2H+E                                          (4) 
 
 C3H7, C2H5 and CH3 radicals couple to contribute 
to C3H6 production. Important paths for propene 
consumption are with H radicals to form propyl 
radicals, ethene and methane: 
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C3H6+H=>C3H7-1               (5)                                        
 
C3H6+H=>C2H4+CH3                         (6) 
 
# Normalized Rate of Production Coefficients 
For C3H6 Production and Consumption 
1 
2 
3 
4 
5 
6 
7 
8 
9 
E+C3H8=>C3H6+H2+E 0.692 
E+C3H8=>C3H6+2H+E 0.173 
C3H7-1+C2H5=>C2H6+C3H6 0.023 
C3H7-1+CH3=>CH4+C3H6 0.033 
2C3H7-1=>C3H8+C3H6 0.028 
C2H6+CH=>C3H6+H 0.041 
C3H6+H=>C3H7-2   -0.041 
C3H6+H=>C3H7-1   -0.486 
C3H6+H=>C2H4+CH3   -0.468 
 
Table 2. Rate of production analysis for production and 
consumption reactions of propene.  
 
 
# Normalized Rate of Production Coefficients 
For C2H4 Production and Consumption 
1 
2 
3 
4 
 
E+C3H8=>C2H4+CH4+E         0.902   
C2H6+CH=>C2H4+CH3         0.037   
C2H4+H=>C2H5        -0.998   
C3H6+H=>C2H4+CH3                                     0.050   
     
Table 3. Rate of production analysis for production and 
consumption reactions of ethene.  
 
 Ethene is mostly produced by electron impact 
process and consumed with H radicals to form 
acetylene: 
 
E+C3H8=>C2H4+CH4+E                                        (7) 
 
C2H4+H=>C2H5        (8) 
 
The main reaction channel for acetylene production 
is the dissociation of propene and ethene to 
acetylene by an electron impact process at high 
energy input: 
 
E+C3H6=>C2H2+CH4+E           (9)                                         
[5] E. Gogolides, D. Mary, A. Rhallabil, G. Turbanl, Jpn. 
J. Appl. Phys., 34 (1995) 261-270. 
 
E+C2H4=>C2H2+H2+E                                         (10) 
 
The most important reactions for consumption of 
acetylene are two radical reactions: 
 
C2H2+CH2=>C3H3+H                  (11)                                                    
 
C2H2+H=>C2H3                                                         (12) 
 
Product selectivities of olefins mostly depend on the 
electron impact processes and radical interactions. 
Since an increase in electron energy also increases 
the reaction rate for electron impact reactions, 
formed olefins will also dissociate and create more 
radicals which will change the selectivities towards 
the higher hydrocarbon molecules like CxHy (x= 
4,5,6). To get high selectivity values for olefin 
productions, a low conversion rate of propane is 
favourable to prevent the shift of selectivity to 
higher hydrocarbons.  
 
4. Conclusion 
 
    A plasma chemical kinetic model of propane 
conversion based on well stirred reactor coupled 
with the Boltzmann equation to calculate EEDF to 
predict olefin selectivities has been presented. 
Calculated results were compared with experimental 
data and a good agreement has been found. Plasma 
chemistry kinetics concerning olefins, main radicals 
and reactions paths has been shown.  
 
5. References 
 
[1] T. Nozaki, A. Hattori, K. Okazaki., Catal. Today, 98 
(2004), 607. 
 
[2]R. J. Kee, F. M. Rupley, J. A. Miller, M. E. Coltrin, 
J. F. Grcar, E. Meeks,H. K. Moffat, A. E. Lutz, G. Dixon-
Lewis, M. D. Smooke, J. Warnatz, 
G. H. Evans,R. S. Larson, R. E. Mitchell, L. R. Petzold, 
W. C. Reynolds, M. Caracotsios, W. E. Stewart, 
P. Glarborg, C. Wang, C. L. McLellan, O.  Adigun, 
W. G. Houf, C. P. Chou, S. F. Miller,  P. Ho, P. Young, 
D. J. Young, CHEMKIN Release 4.0, Reaction Design, 
San Diego, CA (2004). 
 
[3]  G.J.M. Hagelaar, L.C. Pitchford, Plasma Sources Sci. 
Technol., 14 (2005) 722-733. 
 
[4] R.K. Janev, D. Reiter, Physics of Plasmas, 11 (2004) 
780. 
 
 
 
